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Introduction
Cardiovascular disease is the leading cause of morbidity and mortality in the spinal cord-injured (SCI) population (Garshick et al. 2005; Wu et al. 2012) . After adjusting for age and sex, SCI individuals are three and four times more likely to suffer myocardial infarction and stroke, respectively, when compared with their able-bodied counterparts (Cragg et al. 2013) . This increased propensity for cardiovascular disease might be a result of impaired autonomic cardiovascular control, which results in diverse consequences, such as chronic hypotension (Hubli et al. 2015) , impaired diurnal rhythms (Nitsche et al. 1996; Munakata et al. 1997; Rosado-Rivera et al. 2011; Thijssen et al. 2011) , cardiac remodelling (Kessler et al. 1986; Nash & Jacobs, 1998) and autonomic dysreflexia (AD; Elliott & Krassioukov, 2006) . Autonomic dysreflexia is a life-threatening condition characterized by reflex-evoked bouts of extreme hypertension, during which systolic blood pressure (SBP) can increase up to 300 mmHg (Elliott & Krassioukov, 2006) . These events result from noxious and non-noxious afferent stimuli below the level of the lesion, such as bladder and bowel distension (Krassioukov et al. 2009; Liu et al. 2013) . If left untreated, AD may result in seizures, myocardial infarction, intracranial haemorrhage and even death (Wan & Krassioukov, 2014) . Autonomic dysreflexia is attributed to loss of descending supraspinal sympathetic outflow along with plasticity of spinal sympathetic circuitry (Krassioukov & Weaver, 1995a ,b, 1996 Krassioukov et al. 2002) .
In chronic SCI, perturbed autonomic function probably combines with physical inactivity to drive maladaptive remodelling of the peripheral vasculature and the heart. Surprisingly, there are very few studies that have assessed cardiac consequences of SCI. In those that have, there is general agreement that tetraplegic individuals exhibit impaired systolic function and cardiac atrophy, whereas paraplegic individuals exhibit relatively preserved systolic function (Kessler et al. 1986; de Groot et al. 2006; West et al. 2012) . Diastolic function, in contrast, is less clear. Some studies have reported preserved diastolic function post-SCI , whereas others report impaired diastolic function (Kessler et al. 1986; De Rossi et al. 2014) . There has been recent interest in developing animal models of cardiac dysfunction post-SCI to try to gain mechanistic insight into the underlying causes of said dysfunction. One model uses a mid-thoracic (T5) complete transection (Lujan & DiCarlo, 2007 Lujan et al. 2010 Lujan et al. , 2012 and one uses a high-thoracic (T3) model (West et al. 2014 (West et al. , 2015 . In the mid-thoracic model, it is reported that SCI is associated with arrhythmias and increased sympathetic drive to the heart (Lujan & DiCarlo, 2007) , whereas high-thoracic SCI impairs cardiac contractility and results in cardiac atrophy (West et al. 2014) .
Exercise is a feasible therapeutic intervention to maintain physical fitness and to prevent the development of cardiovascular disease in individuals living with SCI. Typically, individuals with SCI are limited to upper-limb exercise; however, it appears that the cardiorespiratory stimulus of such exercise may be insufficient to elicit hemdoynamic, cardiac and vascular adaptation (Davis et al. 1987; Nash & Jacobs, 1998; Gates et al. 2002; West et al. 2012) . By engaging the paralysed leg muscles, through either electrical stimulation (i.e. functional electrical stimulation) or passive cycling, the subsequent activation of skeletal muscle pump activity and increased venous return may provide a more potent stimulus for cardiac, haemodynamic and vascular adaptations (Nash et al. 1991; Muraki et al. 2000; Dela et al. 2003; Ballaz et al. 2007 Ballaz et al. , 2008 . In rodent models, we recently demonstrated that passive engagement of the hindlimbs in exercise acutely post-SCI (i.e. via passive hindlimb cycling; PHLC) reverses the rapid onset of cardiac dysfunction (West et al. 2014) , reduces the pressor response to colorectal distension (CRD; i.e. severity of AD) and improves mesenteric arterial function . Although such acute administration of exercise has obvious clinical implications, it is unclear at what point exercise must begin to exert a cardioprotective effect. Equally, it is currently unknown whether such cardiac and haemodynamic benefits in response to acutely administered exercise persist after exercise cessation. Such information is crucial to inform exercise prescription guidelines in the SCI population.
Accordingly, in the present study we aimed to determine whether PHLC confers the same benefits in animals with a chronic SCI (no PHLC/delayed PHLC group) as it does in animals with acute SCI (early PHLC/detraining group) and whether the cardiobeneficial effects of acutely prescribed exercise are reversed after a detraining period. We hypothesized that the cardioprotective effects of acutely administered passive exercise would be reversed by detraining and that the benefits of passive exercise D. W. Popok and others in chronic SCI would not be as pronounced as acute administration.
Methods

Ethical approval
All procedures were conducted in strict accordance with the Canadian Council for Animal Care. Ethics approval was granted by the University of British Columbia.
Experimental design
Experiments were conducted on 20 male Wistar rats (age 9 weeks, mass 250-300 g; Harlan Laboratories, Indianapolis, IN, USA). Twelve rats were used for temporal cardiac assessments (stream 1) and eight rats for temporal blood pressure (BP) assessments (stream 2). Within stream 1 and stream 2, animals were divided into the following two evenly distributed groups: an 'early PHLC/detraining' group and a 'no PHLC/delayed PHLC' group. The early PHLC/detraining group received passive hindlimb cycling between weeks 1 and 5 post-SCI (5 days per week, two 30 min sessions per day), followed by a subsequent 4 week period of detraining (no daily PHLC). The no PHLC/delayed PHLC group received the same intervention beginning from week 5 post-SCI onwards (Fig. 1) . Pre-SCI and at 5 and 9 weeks post-SCI, animals were assessed for cardiac function using in vivo echocardiography. For 4 days pre-SCI and every second day post-SCI, animals were assessed for beat-by-beat haemodynamics [BP and heart rate (HR)] using telemetry. Using our previously validated AD Detection Software (West et al. 2015; Popok et al. 2016) we were able to characterize the frequency and severity of spontaneous AD as well as the BP response to induced AD via CRD (5 and 9 weeks post-SCI only).
Surgery and animal care
Animal care protocols were performed according to standard laboratory procedures (Ramsey et al. 2010 was placed between the stumps to achieve homeostasis. The muscle and skin were closed using 4-0 Vicryl and 4-0 Prolene sutures, respectively. Animals received warmed lactated Ringer solution (5 ml, S.C.) and recovered in a temperature-controlled environment (Animal Intensive Care Unit, Los Angeles, CA, USA). Once a day for 3 days after the surgery, animals were injected with enrofloxacin (10 mg kg −1 , S.C.) and buprenorphine (0.02 mg kg −1 , S.C.). Bladders were manually emptied (three to four times daily) until spontaneous voiding returned (ß10 days post-injury).
Passive hindlimb cycling
The early PHLC/detraining group completed PHLC between weeks 1 and 5 post-SCI, whereas the no PHLC/delayed PHLC group completed PHLC between weeks 5 and 9 post-SCI ( Fig. 1 ). Passive hindlimb cycling was conducted 5 days per week (two 30 min sessions per day, with 10 min rest between sessions) using a custom-made ergometer as described in detail elsewhere (West et al. 2014) . In each training session, rats were suspended in a prone position on a sling, with the hindlimbs hanging through large holes cut into the sling. Rats were cycled at 0.5 Hz whilst the hindfeet were secured to pedals using surgical tape. This procedure has been well described in our laboratory (West et al. 2014 .
In vivo echocardiography
Echocardiography was performed on stream 1 animals using a commercially available imaging system (GE Healthcare Vivid 7, Tampa, FL, USA) and a 13 MHz probe. Rats were initially anaesthetized by exposure to 4% isoflurane with 2 l min −1 oxygen and then maintained on a Bain's system at 1.5-2% isoflurane with 1.5-2 l min −1 oxygen during imaging. Animals were in dorsal recumbency and were secured on a custom-built echocardiography platform that had the capacity to tilt laterally to aid image acquisition. Body temperature was maintained between 36.5 and 37.5°C. Measures of left ventricular structure and function were assessed using M-mode echocardiography. Reported values represent the average across 10 cardiac cycles that were collected during expiration.
Telemetry device implantation
Rodents in stream 2 were instrumented with telemetry devices (TRM54P; Millar, Houston, TX, USA) 3 weeks prior to SCI for the continual assessment of BP and HR. Animals were pretreated for 3 days with enrofloxacin (10 mg kg −1 , S.C.) before telemetry device implantation surgery. The telemetry devices were sterilized and initialized according to the manufacturer's guidelines. Animals were anaesthetized with isofluorane (1.5% with 1.5-2 l min −1 oxygen) and the abdomen was shaved and cleaned with iodine prior to the surgery. A mid-line abdominal incision was performed in order to expose the descending aorta. After occluding blood flow, the aorta was punctured at the level of 1-2 mm rostral to the iliac bifurcation. A 20 gauge curved needle was used to guide the tip of the catheter of the telemetry device into the aorta (distal to the renal arteries) and fixed using a small amount of tissue adhesive. Using 4-0 silk sutures, the device was secured to the abdominal wall. The muscle was fastened using 4-0 vicryl sutures and skin closed using 4-0 prolene sutures. Animals were administered enrofloxacin for 3 days post-surgery (10 mg kg −1 , S.C.).
Haemodynamic monitoring
In the rodents instrumented with a telemetry device, continuous beat-by-beat arterial BP and HR were monitored at 1000 Hz, 24 h day −1 . Data were extracted every second day starting at 1 week pre-SCI. Haemodynamic data during animal monitoring or within 10 min before and 30 min after monitoring were discarded.
Spontaneously occurring AD
We used our previously validated JAVA AD detection software to screen continuous beat-by-beat arterial BP and HR data to detect the incidence, severity and duration of spontaneously occurring AD on a weekly basis (Popok et al. 2016) . Systolic blood pressure and HR were screened for non-physiological values, and any data point with a HR <180 or >625 beats min −1 was excluded from the analysis. An AD threshold baseline was set using a moving average window of 240 s whereby BP indices are continuously averaged over a moving 240 s period for the duration of the 24 h monitoring period.
The AD threshold baseline was subsequently transposed 20 mmHg vertically. A cluster of SBP spikes was defined as an AD event if (i) SBP peak clusters exceeded the AD threshold for a duration of >10 s and (ii) there was a corresponding decrease in HR of 40 beats min −1 or greater, as described in detail elsewhere (Popok et al. 2016) . For each detected AD event, we extracted the pressor response, maximal SBP, average SBP, minimal HR, average HR, duration of the event and time of day.
Induced AD
The severity of induced AD was assessed at 5 and 9 weeks post-SCI. These assessments were conducted on days when spontaneous AD was not assessed. Autonomic dysreflexia was induced via two bouts of CRD, a procedure that has previously been well characterized in our laboratory (Mayorov et al. 2001; West et al. 2015) . Briefly, a small deflated plastic balloon (the balloon tip of a paediatric Foley French catheter; 10 mm in length) was inserted rectally for distance of 1.5 cm. After insertion, rats were given 10 min to rest and to move freely in their cages. When BP and HR had stabilized, the balloon of the catheter was infused with 2 ml of air over 10 s and distension maintained for 1 min. A 10 min interval was provided before repeating the CRD assessment. Beat-by-beat haemodynamic data were averaged over 1 s intervals, and the maximal spike in SBP and decrease in HR were determined relative to baseline.
Statistical analyses
Between-group differences for repeated echocardiography, basal haemodynamics and AD assessments (both induced and spontaneous) were assessed using a two-way repeated-measures ANOVA, with one factor associated with time (repeated factor) and one factor for group. Bonferronni-corrected post hoc comparisons were made where appropriate. Statistical analyses were conducted using STATA v12.1 (StataCorp LLC, College Station, TX, USA), and statistical significance was accepted at P < 0.05. 
Results
Echocardiographic assessment
Body mass was not different between groups at the different time points (P = 0.465). At 5 weeks post-SCI, the no PHLC/delayed PHLC group exhibited a significant reduction in all cardiac structural and functional indices compared with pre-SCI, except for ejection fraction (all P < 0.021), whereas the early PHLC/detraining group exhibited preservation of all indices relative to pre-SCI (Fig. 2) . At 9 weeks post-SCI, the no PHLC/delayed PHLC group exhibited a reversal of cardiac dysfunction such that cardiac indices were not significantly different from baseline. It is important to note, although non-statistically significant, that there was a trend towards end-diastolic volume (EDV) remaining lower at 9 weeks versus pre-SCI (P = 0.066). Conversely, the early PHLC/detraining group exhibited a significant reduction in all cardiac indices relative to pre-SCI (all P < 0.043), except for ejection fraction.
Basal haemodynamics
At 5 weeks post-SCI, the early PHLC/detraining group did not exhibit the same reduction in SBP and mean arterial pressure from pre-SCI as the no PHLC/delayed PHLC group (P = 0.0287 and P = 0.0463, respectively; Fig. 3 ). At 9 weeks post-SCI, the no PHLC/delayed PHLC group exhibit no significant difference in SBP and mean arterial pressure compared with pre-SCI, suggesting normalization of haemodynamics with respect to baseline. No significant changes in HR were observed.
Induced AD
At 5 weeks post-SCI, the no PHLC/delayed PHLC group exhibited a significantly higher pressor response to CRD than the early PHLC/detraining group (P < 0.0279; Fig. 4) . At 9 weeks post-SCI, both groups exhibited characteristic AD responses and there was no between-group difference in the pressor response to CRD.
Spontaneous AD
A significant interaction effect was present between time and group (P < 0.001; Fig. 5 ). At weeks 7, 8 and 9 post-SCI, the no PHLC/delayed PHLC group presented with significantly fewer detected AD events than the early PHLC/detraining group (P < 0.01). The no PHLC/delayed PHLC group also exhibited a higher number of spontaneous AD events in week 5 post-SCI compared with weeks 6, 7, 8 and 9 post-SCI (P < 0.05). The early PHLC/detraining group exhibited a significant increase in the number of AD events at week 9 post-SCI 
(LVIDs). C, end-diastolic volume (EDV). D, end-systolic volume (ESV). E, stroke volume (SV)
. F, ejection fraction (EF). * P < 0.05 between 9 weeks and pre-SCI in the early PHLC/detraining group. † P < 0.05 between 5 weeks and pre-SCI in no PHLC/delayed PHLC group.
compared with weeks 2, 3, 4 and 5 post-SCI (P < 0.05). There were no differences between groups at any time point for the pressor response during spontaneous AD, the maximal SBP reached or the HR response during AD.
Discussion
The first major finding of this study is that PHLC initiated in the chronic phase post-SCI (i.e. the no PHLC/delayed PHLC group) yields beneficial cardiac effects and attenuates the frequency of spontaneous AD, but has no impact on the pressor response to CRD. The second major finding of this study is that the cardiobeneficial effects of PHLC initiated early after SCI (i.e. early PHLC/detraining group) are reversed following a 4 week period of detraining.
Cardiac structural and functional assessment: early initiation of PHLC followed by detraining
Exercise initiated early post-SCI attenuated the decline in cardiac indices at 5 weeks post-SCI, and detraining after a period of exercise unsurprisingly reverses the cardioprotective benefits of early initiated PHLC. We observed a significant reduction of cardiac functional indices (EDV and stroke volume) at 9 weeks post-SCI in our early PHLC/detraining group that was of a similar magnitude to that in our no PHLC/delayed PHLC group at 5 weeks post-SCI, suggesting that exercise must be maintained in order to deliver a chronic cardioprotective effect. The reduction in stroke volume at 9 weeks post-SCI in our early PHLC/detraining group was attributable to a greater absolute reduction in blood volume in the left ventricle at the end of diastole (i.e. EDV) compared with the end of systole (i.e. end-systolic volume). The relative magnitude of reduction in EDV in this group is similar to that which occurs after space flight and extended periods of bedrest in humans (Perhonen et al. 2001) . Based on this previous report (Perhonen et al. 2001) and the findings of the present study, we suggest that the reduction in volumetric cardiac indices in response to SCI is likely to be the result of physical inactivity. The rapid nature of the decline in cardiac function after the onset of detraining is similar to that observed clinically in the peripheral vasculature, where 1 week of detraining was sufficient to reduce leg blood flow and increase leg vascular resistance in humans with SCI (Thijssen et al. 2006) .
Cardiac structural and functional assessment: no PHLC/delayed PHLC
We report, for the first time, that exercise training initiated in the chronic phase post-SCI still induces cardiac benefits. At 5 weeks post-SCI (i.e. prior to initiation of the PHLC intervention), the no PHLC/delayed PHLC group exhibited reduced EDV, which confirms our previous reports on the effect of SCI on the heart (West et al. 2014) and is probably a result of chronic volume unloading. At the 9 week time point, however, cardiac indices were statistically normalized to pre-SCI values. We believe, however, given that a trend was present for EDV still to be lower at 9 weeks post-SCI versus pre-SCI, that exercise recovered these cardiac indices in part, as opposed to completely, and that increased venous return is the likely to be the mechanism (Lujan & DiCarlo, 2014) . In the chronically injured clinical SCI population, there is evidence to support a beneficial effect of lower-limb 
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passive exercise, because subjecting the legs to acute passive cycling has been shown to increase leg blood flow (Ballaz et al. 2007 ) and stroke volume (Muraki et al. 2000) ; however, other studies also demonstrate no effect (Figoni et al. 1990; Ter Woerds et al. 2006) . It is likely that differences in inclusion criteria and methods for examining cardiovascular responses explain these divergent findings. In the only study to investigate the long-term effects of a chronically administered home passive leg-cycling intervention, it was reported that a small number of paraplegic individuals improved postexercise mean blood flow velocity in the femoral artery (Ballaz et al. 2008) . Typically, lower-limb exercise that is prescribed post-SCI in the clinical setting uses functional electrical stimulation (FES) cycling, where beneficial cardiac and vascular effects have been repeatedly noted (Nash et al. 1991; Thijssen et al. 2006) . Interestingly, the increase in stroke volume in the no PHLC/delayed PHLC group at 9 weeks post-SCI is of comparable magnitude to the improvements in cardiac function after FES in humans (Nash et al. 1991) . Together, these findings suggest that from a cardiac perspective, chronic exercise is still able to recover cardiac indices in part, but is not as beneficial as exercise initiated early post-SCI. We believe, therefore, that the findings in the present study combined with that of our previous study (West et al. 2014) suggest that future carefully controlled clinical studies should be carried out specifically to investigate the effect of lower-limb passive cycling on cardiac function in the clinical SCI population.
Autonomic dysreflexia assessment: early initiation of PHLC followed by detraining
In agreement with our previous study, we found that PHLC initiated early after SCI reduced the severity of induced AD . We extended these findings by demonstrating that early initiation of PHLC also reduced the incidence of spontaneous AD and that detraining reversed the benefits of PHLC with respect to the pressor response to CRD and incidence of spontaneous AD. The mechanism underlying a reduction in induced Time-locked group (mean ± SD) SBP responses to colorectal distension at 5 weeks (A) and 9 weeks post-SCI (B). Note the significant attenuation of AD with early administration of PHLC but not with delayed PHLC. Note also that stopping exercise prevents the AD-protective effect. Effects of exercise after spinal cord injury AD severity after an early PHLC intervention has been suggested to be attributable to a reduction of maladaptive neuronal plasticity below the level of the lesion . Specifically, an early initiated, 1 month PHLC intervention post-SCI was shown to decrease the density of Calcitonin gene-related peptide (CGRP)-positive fibres in the dorsal horn of the lumbosacral spinal cord . Our finding in the present study that detraining increases the severity of the pressor response to CRD may imply that the exercise-induced beneficial plasticity in sensory-sympathetic circuitry, which is known to play an important role in development of AD, is reversed after a chronic period of physical inactivity. Furthermore, the ß50% spike in the number of detected spontaneous episodes of AD in the early PHLC/detraining group at 9 weeks post-SCI corroborates our suggestion of plasticity in AD sensory-sympathetic circuitry in chronic SCI.
Autonomic dysreflexia assessment: no PHLC/delayed PHLC
At both 5 and 9 weeks post-SCI, the no PHLC/delayed PHLC group exhibited the characteristic pressor response to induced AD. Interestingly, delayed initiation of PHLC did reduce the incidence of spontaneous AD at weeks 6, 7, 8 and 9 compared with week 4 even though the pressor response during spontaneous AD remained unchanged. At 9 weeks post-SCI in the no PHLC/delayed PHLC group, basal SBP and mean arterial pressure were also no longer different from baseline, implying that cycling improves basal haemodynamics even when initiated in the chronic phase of SCI. The ß50% reduction in spontaneous AD events in the no PHLC/delayed PHLC group after only 1 week of the PHLC intervention may further suggest that there is plasticity in AD circuitry in chronic SCI, as has been observed elsewhere (Krassioukov & Weaver, 1996) . The reason why the incidence of spontaneous AD is reduced but the pressor response to CRD is still present remains unclear. One hypothesis could be that passive exercise improves bladder circuitry and/or function such that mild excitability of bladder afferents during spontaneous voiding no longer elicits AD. Conversely, the potent stimulus of CRD is such that it may override any exercise-induced neuronal plasticity and still elicit AD. Future studies are needed to confirm such an effect.
Clinical implications
We believe that our findings may have important clinical implications. The low cost and ease of administration of passive leg cycling may be an advantageous therapeutic exercise intervention compared with more expensive and inaccessible options, such as FES cycling (Cybulski et al. 1984) . There are also reports that FES cycling may directly elicit AD (Ashley et al. 1993) and is not recommended for individuals who have a history of leg fractures and persistent spasticity (Cybulski et al. 1984) . The fact that we show beneficial cardiac and haemodynamic effects of exercise even when administered chronically implies that people who have been living with SCI for an extended period of time may still benefit from beginning an exercise intervention. Our detraining and delayed training protocols also show that the effectiveness of PHLC in improving cardiovascular function is not dependent on the time associated with the initiation of the intervention but rather the persistence of the intervention. . Detraining after an early period of PHLC is associated with a gradual increase in the incidence of spontaneous AD events, whereas delayed PHLC is associated with a reduction in the incidence of AD at weeks 7-9 Spontaneous AD episodes were characterized based on a spike in systolic blood pressure ( SBP) greater than 20 mmHg above baseline and a subsequent reduction in heart rate ( HR) of 40 beats min −1 or more. * P < 0.05, significant effect of no PHLC/delayed PHLC group versus early PHLC/detraining group.
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Conclusion
In conclusion, we demonstrated that both early and delayed PHLC may promote similar recovery of cardiac functional indices and reduce the incidence of spontaneous AD. Importantly, administration of PHLC in chronic SCI did not attenuate the severity of induced AD. We also showed the importance of maintaining exercise, because a period of detraining reversed any cardioprotective effects.
